ABSTRACT. Ligon lintless mutant (li1li1) with super-short fibers (5-8 mm in length) and its wild type (Li1Li1) with normal fibers (30 mm in length) were used to study the function of xyloglucan endotransglycosylase/hydrolase (XTH) genes during fiber elongation in cotton. Wild-type cotton attained the fiber elongation stage earlier (5 days post-anthesis, DPA), than the Ligon lintless mutant (12 DPA) with a higher fiber elongation velocity of about 1.76 mm/day. Xyloglucan contents in Ligon lintless mutant fibers were 5-fold higher than the wild type during 9-15 DPA. It was also observed that the activity of XTH in wild-type cotton fibers was about 2-fold higher than that of the Ligon lintless mutant with a peak at 12 DPA. DNA blot analysis indicated that the XTH gene in the Ligon lintless mutant and its wild type belonged to a multiple allelic series. However, RNA blot analysis and quantitative real-time PCR exhibited an earlier expression (10 DPA) of XTH in wild type as compared to delayed (15 DPA) expression in the Ligon lintless mutant. The study also revealed that 9-15 DPA might be a key phase ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 10 (4): 3771-3782 (2011) M.Y. Shao et al. 3772 for upregulation of fiber elongation via increasing XTH activity. Higher XTH activity can cleave down the xyloglucan-cellulose chains thus loosening fiber cell wall and promoting fiber cell elongation in wild type as compared to its mutant.
ABSTRACT. Ligon lintless mutant (li1li1) with super-short fibers (5-8 mm in length) and its wild type (Li1Li1) with normal fibers (30 mm in length) were used to study the function of xyloglucan endotransglycosylase/hydrolase (XTH) genes during fiber elongation in cotton. Wild-type cotton attained the fiber elongation stage earlier (5 days post-anthesis, DPA), than the Ligon lintless mutant (12 DPA) with a higher fiber elongation velocity of about 1.76 mm/day. Xyloglucan contents in Ligon lintless mutant fibers were 5-fold higher than the wild type during 9-15 DPA. It was also observed that the activity of XTH in wild-type cotton fibers was about 2-fold higher than that of the Ligon lintless mutant with a peak at 12 DPA. DNA blot analysis indicated that the XTH gene in the Ligon lintless mutant and its wild type belonged to a multiple allelic series. However, RNA blot analysis and quantitative real-time PCR exhibited an earlier expression (10 DPA) of XTH in wild type as compared to delayed (15 DPA) expression in the Ligon lintless mutant. The study also revealed that 9-15 DPA might be a key phase
INTRODUCTION
Cotton fiber, a unicellular structure, arises from single epidermal cells of developing seeds without undergoing cell division. Fiber development usually consists of four overlapping stages: initiation, elongation, secondary wall deposition and maturation (Basra and Malik, 1984) . In cotton, the elongation phase of fiber development is long enough to result in longer (>30 mm) fiber length and is thus regarded as a model system for studying the mechanisms of plant cell elongation (Kim and Triplett, 2001 ).
The primary cell wall of the plant cell has a dual role during expansion: to sustain the large mechanical forces caused by cell turgor, and to permit controlled polymer extension generating more space for protoplast enlargement (Cosgrove, 2001) . Plant cell wall comprised of cellulose and hemicellulose (Brett and Waldron, 1996; Pauly et al., 1999) . Hemi-cellulose fraction is further composed of xyloglucan molecules that cross link the cellulose microfibrills through non-covalent hydrogen bonds (Cosgrove, 2001; Vissenberg et al., 2005) . These noncovalent bonds are disrupted by the action of (Fry et al., 1992) and xyloglucan endotransglycosylase/hydrolases (XTHs) and expansin thus increasing cell wall plasticity and finally fiber elongation (Ruan et al., 1998; Smart et al., 1998) .
Xyloglucan endotransglycosylase/hydrolases (XTHs) are actually enzymes that cleave donor xyloglucan chains and rejoin the newly formed ends to the non-reducing terminus of an available acceptor xyloglucan chain or oligosaccharide/water. Since XTHs induce new xyloglucans under certain conditions and also cause hydrolytic cleavage of xyloglucan, thought to be the enzymes that loosen the cell walls to lead cell expansion and elongation (Cosgrove, 2005; Nishitani and Vissenberg, 2007) . The relationship of XTH activity and cell elongation has been reported in elongating cotton fiber (Shimizu et al., 1997; Michailidis et al., 2009; Lee et al., 2010) as well as in other crops like maize, cucumber, tobacco, potato, soybean, rice and Arabidopsis (Silva et al., 1994; Potter and Fry, 1994; Vissenberg et al., 2000; Michailidis et al., 2009) .
Similarly, expansin genes and β-1, 4-glucanase genes are expressed strongly during fiber elongation and regulate the extension of fiber cell wall (Hasegawa et al., 1994; Shimizu et al., 1997) . H + -ATPase, sucrose synthase, K + transporters and plasmodesmata switch control of the transportation of sucrose and K + to fiber cell vacuole thus bringing changes in cell osmotic pressure and finally resulting in cell elongation (Ruan et al., 2001) . Fiber elongation seems to be associated with changes in cell turgor pressure (Ruan et al., 2000) and achieved largely through the influx of water driven by a relatively high concentration of osmoticum within a cell (Cosgrove, 1997) . The accumulation of osmoticum in fibers may be coupled with the transmembrane proton gradient, because the plasma membrane H1 -ATPase gene is expressed strongly during the rapid phase of fiber elongation (Smart et al., 1998) . This H1 pump thus acidifies the apoplast for cell wall loosening (Cosgrove, 1997) .
Normally fiber elongation begins on the day of anthesis and continues for 20-30 days, during which time cotton fibers grow to 3-6 cm long depending on the cultivar (Ryser, 1999) and attain 30 mm 20 days post-anthesis (DPA) (Schubert et al., 1973; Basra and Malik, 1984) . However, in some mutants, fibers do not grow to more than 10 mm and have fuzzy seeds (short lint fibers, Ligon lintless), a trait controlled by a completely dominant gene, Li 2 (Narbuth and Kohel, 1990) , located on chromosome 18 (Kohel et al., 2002) . Proper folding of the HSP 90 is necessary for fiber elongation and its regulation may be affected by the Li 1 mutation (Zhao et al., 2010) in Ligon lintless as compared to its wild type fibers.
Although there are many studies on cotton fiber elongation the mechanism is still unrevealed. The present research project was planned to utilize Ligon lintless (li 1 li 1 ) with supershort fibers (only about 5-8 mm in length) and its wild type with 30 mm long fibers as experimental material to broaden the understanding of the involvement of XTH in fiber elongation.
MATERIAL AND METHODS

Plant materials
Two lines of allotetraploid cotton (Gossypium hirsutum L.), a wild type (Li 1 Li 1 ) with 30 mm long fiber and the Ligon Lintless (li 1 li 1 ) mutant with 5-8 mm long fiber ( Figure 1 ) were grown at the Experiment Farm, Zhejiang University, Hangzhou, China. Flowers were tagged on the day of anthesis and the collection of seeds with developing fibers was done at different stages. 
Fiber length
Three healthy bolls (10 seeds/boll) from various phases (3-10, 12, 14, 19, 23, 28, 33 , and 40 DPA) of post-anthesis were collected. To measure the fiber length, 3-5 DPA cotton seeds were treated with boiling water for about two minutes and then observed under a stereo microscope (C3 model, 0.1 ocular ruler). The fiber length of 5-40 DPA cotton seeds was measured manually after treating with boiling water for about five minutes. Fiber elongation velocity was calculated using the following formula:
Fiber elongation velocity = (fiber length at max DPA -fiber length at min DPA) / (max DPA-min DPA)
Xyloglucan contents
To quantify the XG contents, cotton fibers were collected at 6, 9, 12, 15, 18, 21, 25, 30 DPA seeds and dried at 80°C in an oven. About 10 g of dried fibers were then milled in 10 mL water, followed by the addition of 90 mL 2 M NaOH/0.05% NaBH 4 and boiled for 1 h at 100°C. After centrifugation for 10 min at 1400 g, supernatant was collected in another set of tubes and 200 mL acetic acid/ethanol (1:10) added, kept for 30 min at room temperature and again centrifuged to yield an XG pellet (Edwards et al., 1985) .
For purification, XG was dissolved in a solution of Fehling reagent B (35% KNaC 4 H 4 O 6 •4H 2 O, 25% KOH) with water in 1:8 ratio respectively, boiled for 30 min at 100°C, cooled at room temperature and finally followed by the addition of 10 mL Fehling reagent A [7.5% CuSO 4 ]. Centrifugation was done for 10 min (1400 g), the supernatant decanted off and the pellet dissolved in 20% acetic acid solution. XG was again precipitated by adding a double volume of absolute ethanol, centrifuged and the pellet finally dissolved in 50% ethanol (containing 5% EDTA). After centrifugation, the pellet was washed with 50% ethanol and freeze-dried in a Modul Yod-230 (America, Thermo savant) at -80°C and weighed. The XG content was then calculated as Xyloglucan content (%) = XG dry weight/total fiber weight*100%.
Xyloglucan endotransglycosylase/hydrolase (XTH) activity
XTH activity was determined by the colorimetric method (Sulová et al., 1995; Henriksson et al., 2003) . The method comprised four steps: first XG was extracted from ground tamarind (Tamarindus indica) kernels (Edwards et al., 1985) ; second Xyloglucan-derived oligosaccharides (XGOs) were prepared according to Henriksson et al. (2003) ; third XTH was extracted from cotton fiber (Henriksson et al., 2003) and forth colorimetric analysis was conducted on XTH activity. The optical density of the samples was measured at 620 nm against the blank. The activity of XTH was calculated according to the following formula described by Sulová et al. (1995) .
XTHA is the activity of XTH, which is measured in mg/protein ( "+" = with XTH, "-" = without XTH. A1, A2, A3, A4 = OD 620 value. XG = Xyloglucan, XGO = Xyloglucanderived oligosaccharides, XTH = Xyloglucan endotransglycosylase/hydrolase.
DNA and RNA blot hybridization
Primers (XTH-forward: 5'-GATTTTATCTTGTGTTGTTACACTTTC-3' and XTH-reverse: 5'-GATATTGGTTTGAACCGTATATGGC-3') were synthesized from the already available gene sequence (XTH1) in the database. A 343-bp fragment of the XTH coding region was then amplified using these primers and used as a hybridization probe (Shimizu et al., 1997) . Cotton genomic DNA isolated from the Ligon lintless mutant and its wild type were digested with restriction endonucleases EcoRI and HindШ in separate reactions. The digested DNA (10 μg) was separated on 0.8 % (w/v) agarose gel. DNA fragments from agarose gel were then transferred onto nylon membranes (Hybond N + , Amersham, USA) in 20X SSC by capillary blotting and hybridized under high stringency conditions by using a DIG-labeled probe and the detection kit I (Roche, Germany).
Total RNA from cotton fiber (stored at -70°C) was extracted according to the method described by Xu et al. (2002) , separated (5 μg) on 0.8% (w/v) formaldehyde gel and finally blotted onto nylon membrane (Hybond N + , Amersham) in 20X SSC by capillary blotting. A DIG-labeled XTH gene (Shimizu et al., 1997) was used as a probe to detect the RNA.
Quantitative real-time PCR
To monitor the expression of XTH, quantitative real-time PCR was performed by using the alpha-tubulin gene (TubA4) as a normalizer. Specific primers against XTH were synthesized (Table 2 ) from the already available sequences of Gossypium hirsutum XTHs mRNA (Accession number D88413) in NCBI.
Gene
Forward primer (5'-3') Reverse primer (5'-3') A two-step qRT-PCR kit with SYBR ® Green (Invitrogen, Carlsbad, CA) was used for detecting the XTH expression levels. The reaction mixture (three replications for each sample) contained 10 µL Platinum SYBR Green qPCR SuperMix-UDG, 0.4 µL of 10 µM forward and reverse primers each, 1 µL cDNA and DEPC-treated water up to 20 µL. The relative expression levels of all the samples were analyzed according to the method recommended in User Bulletin No. 2 for the ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The ΔCt and ΔΔCt for XTH gene and TubA4 were calculated from threshold cycles (Ct value) as:
ΔCt value of the sample = Ct value of target gene -Ct value of normalizer TubA4. The ΔCt value of the calibrator (the sample with the highest ΔCt value) was subtracted from every other sample to produce the ΔΔCt value and 2 -ΔΔCt was taken for every sample as the relative expression level.
RESULTS
Fiber length variance
The analysis of fiber length measurement revealed superior fiber length (30 mm) in the wild type cotton over Ligon lintless (<10 mm) fiber. The fiber elongation phase was initiated in wild type (5 DPA) (Figure 2 ) prior to its Ligon lintless mutant (12 DPA).
Similarly, duration of fiber development was divided into initiation, elongation and termination phase with a prolonged (5-19 DPA) period of fiber elongation in the wild type, unlike the Ligon Lintless mutant (12-19 DPA only). 
Contents of xyloglucan (XG)
The xyloglucan (XG) contents in the Ligon lintless mutant were significantly higher (P < 0.01) than that of the wild type during all stages of fiber development (Figure 3) . However, the XG contents started decreasing from 9 DPA, remained constant up to 12 DPA and declined sharply from 15 DPA to the end of the fiber elongation stage in Ligon lintless cotton. On the other hand, XG contents remained constant from 9-18 DPA (fiber elongation phase) in the wild type. This evidence supports the fact that the wild type has an earlier and longer fiber elongation phase (5-19 DPA) than Ligon lintless (12-19 DPA). With subsequent developmental phases, the XG content of both cultivars declined by a similar amount at the end of fiber elongation stage in both cultivars suggesting XG involvement during fiber elongation.
Since XG is an important component in the fiber cell wall, the higher XG contents in the mutant fiber might make its cell wall harder and then limit fiber cell elongation.
Xyloglucan endotransglycosylase/hydrolase (XTH) activity
The trends of XTH activity varied between the Ligon lintless mutant and its wild type during the fiber elongation phase (5-19 DPA) while in later stages (21-30 DPA) the behavior of both genotypes was similar. When compared, the XTH activity of the wild type was found to be higher than the Ligon lintless mutant in all fiber-elongation stages (Figure 4 ). In the wild type, XTH activity increased up to 12 DPA with a constant value up to 15 DPA, followed by a sharp decline from 15-21 DPA, whereas the Ligon lintless mutant exhibited a cyclic pattern of alternate increases and decreases in XTH activity.
Genomic Southern blot analysis
To study the copy number of XTH in the Ligon lintless mutant and its wild type, DNA blotting analysis was performed using EcoRI and HindIII restriction endonucleases in separate reactions. Three bands were observed at the EcoRI digest, and four bands were detected at the HindIII digest thus suggesting the presence of multiple copies of the same gene ( Figure 5 ). 
Northern blot analysis
Northern hybridization exhibited a superior expression of XTH in fiber samples of both the Ligon lintless mutant and its wild type as compared to their leaves (Figure 6a,b) .
In addition, XTH in fiber of the wild type had an earlier (10 DPA) and higher expression level as compared to that in fiber of the Ligon lintless mutant (15 DPA) during the fast fiber-elongation stage.
Quantitative real-time PCR
Transcriptional analysis of XTH was performed by quantitative real-time PCR method to monitor differences between the Ligon lintless mutant and its wild type during the fiberelongation phase. Figure 7 shows that transcripts of XTH were significantly higher (P < 0.05) in the wild type as compared to the Ligon lintless mutant at all fiber developmental stages. However XTH expression increased up to 15 DPA and then decreased suddenly (15-20 DPA) in the wild type with a less pronounced decrease in the Ligon lintless mutant. The findings were consistent with the results of XTH activity and to that of Northern hybridization. This might indicate that XTH is an up-regulated gene during fiber elongation. 
DISCUSSION
Cotton is the mainstay of textile industries throughout the world and its quality depends on changes in the growth and developmental pattern of the fiber. Therefore, understanding the biological mechanisms that regulate fiber quality, especially fiber length, strength and micronare, is important for the long-term improvement of cotton.
Analysis of fiber length measurements revealed the Ligon lintless mutant to have a fiber length of less than 10 mm, which is in accordance with the findings of . The elongation of cotton fibers is driven by cell turgor pressure and is limited by the extensibility of the primary cell wall.
The cotton fiber elongation stage usually begins at 5 DPA and lasts up to 25 days postanthesis (Cosgrove, 2001 ) with a period of rapid cellular elongation of about 15-20 days (Lee et al., 2010 ). In the current study, initiation of fiber elongation was found to be delayed (12 DPA) in the Ligon lintless mutant as compared to its wild type (5 DPA). Similarly, the sharp fiber elongation phase was also very short (12) (13) (14) (15) (16) (17) (18) (19) in Ligon lintless while it was long lasting (5-19 DPA) for wild type cotton with high fiber elongation velocity of about 1.76 mm/day, six-fold higher than the Ligon Lintless mutant. However after 19 DPA, the behavior of both cultivars became similar (constant phase) with no more fiber elongation.
Moreover, the saccharides test related the phenomenon of short cotton fiber with high contents of xyloglucan (XG Content) and lower XTH activity, thus confirming the study by Shimizu et al. (1997) . In the current study as well, XG contents in the Ligon lintless mutant fiber were found to be much higher than that of wild type in all fiber's developmental stages. Since XG is an important component in the fiber cell wall, the higher XG content in the mutant fiber might make its cell wall harder and then limit fiber cell elongation. Conversely, the XTH activity in wild type fiber was higher than that of the Ligon lintless mutant in nearly all of the fiber-elongation stages. Since the XTH activity is low, there are not enough XTH molecules to cleave the chain of xyloglucan-cellulose and divide XG content to loosen the plant cell wall. This might be the reason for extremely short fibers in Ligon lintless cotton. Thus, on one hand, an increase of XTH activity breaks the linkage of cellulose-xyloglucan chains to lose fiber cell wall, and on the other hand, accelerates the disaggregation of xyloglucan to improve fiber cell turgor during the last stage of fiber cell elongation. Accordingly, it is presumed that the earlier and higher expression of XTH in wild type might prevent xyloglucan from accumulating in cotton fiber thus promoting fiber elongation.
A large number of similar reports (Pritchard et al., 1993; Silva et al., 1994; Potter and Fry, 1994; Vissenberg et al., 2000) have indicated that XTH activity had a typical direct correlation with cell elongation which is in agreement with our findings. Thus fiber elongation of the Ligon lintless mutant (12-19 DPA) in the current study might be caused by the increase of XTH activity (which had a peak at 12DPA) and the decrease of xyloglucan content in cotton fiber at this particular stage.
DNA digestion with EcoRI and HindIII produced three and four fragments in both the wild type and the Ligon lintless mutant, suggesting XTH belonged to a multiple allelic series. A number of other reports from Gossypium (Shimizu et al., 1997; Michailidis et al., 2009; Lee et al., 2010) proved the multigenic nature of XTH. Similarly, high expression of XTH has been detected in many elongating plant parts, for example, barley leaves (Schümann et al., 1997) , pine epicotyls (Barrachina et al., 1998) , maize roots (Pritchard et al., 1993) , soybean stems (Potter and Fry, 1994) , the elongation zone of Arabidopsis roots (Vissenberg et al., 2000) , expanding cells and root hair start site , chickpea epicotyls (Romo et al., 2005) and elongating fiber cells (Georgios et al., 2009) .
Corresponding RNA blot analysis confirmed that XTH had a dominant expression in the fiber of the Ligon lintless mutant and its wild type whereas no transcript of XTH was detected in leaves of either cultivar. Michailidis et al. (2009) also reported the highest levels of GhXTH1 expression in elongating fibers while GhXTH2 and GhXTH3 were expressed at relatively low levels in fiber cells and have more pronounced expression in expanding petals (GhXTH2) leaves and roots (GhXTH3). XTH transcripts were also absent from the other cotton organs and mRNA levels of XTH were significantly higher at 10 DPA as compared to later stages of fiber elongation (25 DPA). So delayed and insufficient expression of XTH might be the reason for low XTH activity and high XG content in the Ligon lintless mutant, thus affecting the overall development of the fiber. Lee et al. (2010) also detected that GhXTH1 strongly expressed at 10 DPA and had the highest expression at 15 DPA in field cotton fibers. Meanwhile, transgenic cotton plants that over-express GhXTH1 had increased XTH activity and produced mature cotton fibers that were between 15 and 20% longer than wild-type cotton plants thus proving the involvement of XTH in fiber elongation.
CONCLUSIONS
Combining our results and all the existing reports, we believe that XTH plays an important role during the fiber cell elongation stage. In conclusion, the high XTH activity in cotton fiber may be useful for breaking the chains of cellulose-xyloglucan in the fiber cell wall and promoting fiber elongation. This study can form a basis for screening of the germplasms for improvement of fiber quality of cotton as XTH is significantly upregulated in plants with longer fibers.
